We report the observation of photo-Seebeck effect in tetragonal PbO crystals. The photoinduced carriers contribute to the transport phenomena, and consequently the electrical conductivity increases and the Seebeck coefficient decreases with increasing photon flux density. A parallel-circuit model is used to evaluate the actual contributions of photoexcited carriers from the measured transport data. The photo-induced carrier concentration estimated from the Seebeck coefficient increases almost linearly with increasing photon flux density, indicating a successful photo-doping effect on the thermoelectric property.
I. INTRODUCTION
Thermoelectric power generation is a simple and environmentally-friendly energy-conversion technology. [1] [2] [3] [4] One of the most important features in thermoelectrics is that it can be adapted in various situations owing to its simple structure without any moving parts compared with other heat engines. This is highly favorable for harvesting electricity from waste heat, a large amount of which is exhausted from a wide variety of heat sources such as automobiles or power plant boilers.
It has recently been shown that the solar light is also used as the heat source to effectively produce the electricity through a thermoelectric device. 5, 6 This utilizes the solar thermal process, known as the solar thermoelectric generator. Another way for a usage of the solar light with thermoelectrics is to employ the photovoltaic effect. When the photon energy of irradiated light exceeds the band-gap energy, the electron-hole pairs are created by illumination in insulating materials. Such excited carriers should contribute to the electrical transport through changing carrier concentration and/or mobility with illumination. Therefore, the photo-Sebeeck effect, the Seebeck effect of photo-induced carriers, is expected to be observed under illumination along with well-known photoconduction phenomena.
The photo-Seebeck effect in conventional semiconductors has been reported in earlier studies [7] [8] [9] [10] and recently also demonstrated in an oxide semiconductor. 11 In general, the Seebeck coefficient S decreases with increasing electrical conductivity σ under the light illumination as a consequence of photo-doping effect. Thus the illumination provides a new possible route to improve the efficiency of thermoelectrics, which has been tuned through the chemical doping traditionally. 3 More interestingly, a nontrivial behavior of photon-induced carriers has also been seen in p-type silicon. 8 Near room temperature, both the Seebeck coefficient and the conductivity increase with illumination, which is difficult to be understood within the photo-doping effect. This may serve as a possible way to enhance the power factor S 2 σ using photon irradiation.
Lead monoxide has been used as a photoconductive layer in a camera tube. 12 Both the polymorphs of the lead monoxide, tetragonal (α-PbO) and orthorhombic (β-PbO) phases, are known to be photoconductive and having indirect band gaps of E g = 1.9 and 2.7 eV, respectively. [12] [13] [14] In this study, we demonstrate the photo-Seebeck effect in α-PbO single crystals as functions of photon energy and photon flux density. We find that the electrical conductivity increases and the Seebeck coefficient decreases with increasing photon flux density. This effect is explained in terms of the photo-doping effect in an intrinsic semiconductor. A parallel-circuit model is used to evaluate the actual contributions of photo-excited carries from the measured transport data. The photoinduced carrier concentration and mobility are evaluated, and the mobility is found to decrease in a photon-energy-dependent manner with increasing photon flux density.
II. EXPERIMENTAL
The α-PbO single crystals were made with a melt-grown method. An alumina crucible containing PbO (5N) powder was heated up to 1163 K in an electrical furnace with a heating rate of 100 K/h. After confirming the complete melting of PbO powder, the furnace was cooled down slowly with a cooling rate of 2 K/h, and at 1133 K the electrical power of the furnace was switched off.
The sufficiently large and lamellar α-PbO single crystals with a typical size of 2
were obtained. The band-gap energy was estimated to be 1.8(1) eV from the reflectivity measurement. The conductivity and the Seebeck coefficient were measured at 300 K as functions of photon energy and photon flux density with a home-made experimental setup described elsewhere. 11 The photon energy was varied by selecting light emitting diodes (LEDs) with different photon energies, while the photon flux density was changed by varying LED excitation current. The photon flux density of the incident light was obtained from the illuminance measured using an illuminance meter.
III. RESULTS AND DISCUSSIONS
Owing to the very low conductivity of the order of 10 Under illumination, the value of S systematically decreases with increasing photon flux density and slightly depends on photon energy. However, it should be noted that the absorption coefficients of α-PbO athω = 1.9, 2.6, and 3.4 eV are approximately equal to 1 × 10 2 , 2 × 10 3 , and 1.5 × 10 4 cm −1 , respectively. 14 Therefore, the illuminated light can penetrate only into a very thin region near the surface of the bulk crystal, which significantly varies with photon energy. Thus photo transport emerges as a surface-dominated phenomenon which must be taken into account in order to analyze the photon flux density and photon energy dependence of the transport behaviors.
A simple parallel-circuit model composed of thin photo-conducting and thick insulating layers is applied to evaluate the actual photo-induced conductivity (σ light ) and Seebeck coefficient (S light ) from the measured σ and S, which are related by the following equations
where d is the sample thickness and λ is the absorption length of light. For the bulk crystals (d ≫ λ), σ light and S light approximately take the forms of
In Fig. 3 , we show the relationship between σ light and S light under the light illuminations with different photon energies. The S light -ln σ light curves roughly exhibit linear relationships with photon-energy-dependent slopes which are found to be larger than k B /e. The result indicates that the photo-induced carrier mobilities are appreciably different with photon energies and are not constant throughout the photo-doping process for a fixed photon energy.
In the following we will discuss the photo-induced carrier concentration change on the basis of conventional semiconductor physics, in which the Seebeck coefficient is given as
where
Here q is the charge of the carriers, r is the scattering parameter (r = −1/2 for electron-phonon scattering and 3/2 for impurity scattering), y = µ/k B T is the reduced chemical potential, and 
We now calculate the value of F r (y) from the S light by assuming r = 3/2, and then estimate the photo-induced carrier concentration given as where m * h is the effective mass of hole which is taken to be m * h = 2.44m 0 (m 0 is the bare mass of electron) 17 and z is the degeneracy of the band. The valence band of α-PbO mainly consists of six non-degenerate bands which are comprised of the hybridization between O 2p and Pb 6s orbitals.
Therefore, including spin degeneracy one can roughly consider z = 2.
In Fig. 4(a) , we show the photon flux density dependence of carrier concentration n of α-PbO for photon energieshω = 1.9, 2.6, and 3.4 eV. The typical value of dark carrier concentration is of the order of 10 11 cm −3 , which is comparable to that of intrinsic semiconductors. Under illumination, the carrier concentration almost linearly increases with increasing photon flux density (n ∝ P ) by several orders of magnitude with slight photon energy dependence, indicating a successful photo-doping into the crystal surface region.
We then estimate the mobility of photo-induced carriers by using the relation µ = σ light /qn. The carrier mobility at dark is found to be ∼ 5 cm 2 V −1 s −1 . This value is smaller than that reported in the Hall measurements on α-PbO crystals (µ ∼ 50 cm 2 V −1 s −1 ), 18 probably due to inevitable crystalline impurities. In Fig. 4(b) , the photo-induced mobility change for three photon energies are shown as a function of photon flux density. The mobility shows a remarkable photon energy dependence in high contrast to the carrier concentration behavior. As the photon flux density increases, a step like decrease of mobility by two orders of magnitude from the dark value followed by a saturation behavior is found for the light illuminations withhω = 1.9, 2.6 eV. However, forhω = 2.6 eV, the saturation behavior occurs at a higher photon flux density than that forhω = 1.9 eV.
In contrast, forhω = 3.4 eV, the mobility gradually reduces with increasing photon flux density.
In Fig. 4(c) , the photon flux density variations of power factor S 2 σ for different photon energies are plotted. The power factor progressively increases with increasing photon flux density. Forhω = 3.4 eV, the largest photo-induced increase of power factor is observed which is attributed to the fact that the photo-excited carriers withhω = 3.4 eV exhibit higher mobility than that with other photon energies. Nevertheless, the optimum value of S 2 σ was not achieved by illuminations.
We discuss an origin of the photon-energy-dependent mobility. In α-PbO, depending on the crystal-growth conditions, the presence of lead and/or oxygen vacancies are unavoidable, and non-compensated ionized vacancies can act as charged scattering centers. 19 The photo-excitation is expected to increase the density of charged scattering centers through changing the effective charge of vacancies by capturing photo-excited carriers. 20 Since the mobility is inversely proportional to the density of scattering centers, the photo-excitation can appreciably decrease the mobility. 21 Moreover, in such an ionized-impurity scattering regime, the mobility also depends on the electron energy ǫ through the energy-dependent scattering time τ (ǫ) ∝ ǫ 3/2 . 22 Thus the photo excitation with higher photon energy leads to carriers with larger scattering time (higher mobility).
The observed photon-energy-dependent mobility is qualitatively explained within this scattering regime.
Another possible origin of the strong photon-energy dependence of the relation between the photo-Seebeck effect and the photoconduction (Fig. 3) is a photon-energy-dependent effective mass for the photo-transport behaviors. Now α-PbO is an indirect semiconductor having a nondegenerate dispersive conduction band at M point and a valence band consisting of six nondegenerate bands at Γ point. 17 It seems that photo-excitation with photon energy comparable to the band-gap energy can create heavy holes on the top the valence band, while higher-energy photons yield lighter holes in the deep of the valence band. Such a difference of the effective mass with the photon energy possibly leads to the photon-energy dependence of the photo-excited carrier transport. To examine the detailed photon-energy variations of the scattering time and the effective mass, the photo-Hall measurement is required as a future study.
IV. CONCLUSIONS
In summary, we have successfully observed the photo-Seebeck effect in α-PbO single crystal. The illumination significantly increases the electrical conductivity and decreases the Seebeck coefficient. The actual contributions of the photo-induced carriers to the transport are extracted by using a parallel-circuit model. The photo-induced carrier concentration increases in a linear proportion with the photon flux density and the carrier mobility decreases in accompanying with remarkable photon-energy dependence. We suggest that the charged impurity scattering is responsible for the energy-dependent decrease of the mobility. The power factor is progressively increased with photon intensity as a consequence of photo-doping effect. However, the photonirradiation is found to be insufficient to achieve the optimal carrier concentration in α-PbO.
